We introduce and experimentally demonstrate a single-shot real-time optical vector analyzer (OVA). This instrument combines amplified dispersive Fourier transform with stereopsis reconstruction and is inspired by binocular vision in biological eyes.
INTRODUCTION
Real-time and single-shot complex-field characterization of optical signals with sub-picosecond time features extending over nanosecond durations is highly desired for a very wide range of applications from telecommunications to information processing and applied sciences [1] [2] [3] [4] . One group of methods for self-referenced temporal phase reconstruction of optical signals is based on the propagation of the signal under test (SUT) through an arbitrary linear optical filter [4] . The method involves the measurement of the temporal intensity profiles at the input and output of the optical filter. The phase profile is then unambiguously recovered using a non-iterative algorithm. The filter can be designed to optimize the measurement performance, e.g. to increase the sensitivity and/or to minimize the influence of noise on the phase reconstruction. These methods are linear, enabling the characterization of low power signals, with no fundamental restriction on the measurement time window. However, for real-time applications, their time resolution is limited by the speed of the real-time backend digitizer which is far below the time scale of optical signals. This prevents their use in single-shot applications.
In this communication, we introduce and experimentally demonstrate a simple and general concept for self-reference real-time vectorial characterization of low-power optical signals with resolution in fs regime over millisecond time window. It is based on the mentioned proposed method for optical signal measurement using an arbitrary linear optical filtering combined with time stretching realized via internally amplified dispersive Fourier transform [5, 6] . This enables single-shot operation by not only overcoming the digitizer speed limit, but also by solving the fundamental problem in single shot detection. The latter arises because during short integration times few photons are collected leading to poor sensitivity. Moreover, a novel dynamic time-stretch concept is employed to dramatically enhance the phase reconstruction accuracy and sensitivity (> 30 times).
II. STARS: THEORY AND OPERATION PRINCIPLE
The schematic of the proposed concept is shown in Fig. 1 . The ultrashort optical signal, SUT, defined as
is first stretched using a long section of dispersive optical fiber powered by Raman distributed amplification with dispersion coefficient β and length L having a well-characterized frequency transfer function Ψ(f). The temporal field of the dispersed pulse is given by
is sufficiently long so that its intensity can be precisely measured with the available temporal intensity detection schemes, the phase profile φ D (t) can be recovered by measuring the intensity of D(t) at the input and output of a linear optical filter [4] . The dispersed optical signal, is launched into a linear optical filter with transfer function H(f), corresponding to an envelope temporal impulse response h
(t)=|h(t)| exp[jφ h (t)], where h(t)=0
for t<0 (causality). The discrete-time output (filtered-signal) temporal envelope is defined as F(t n ) where t n =n/f s , f s is the sampling frequency and n is the discrete-time index. F(t n ) is calculated as the convolution of the discrete-time (sampled) versions of the filter input, D(t n ), and the filter's impulse response h(t n ). The φ D (t n ) profile is calculated as follows [4] :
where
(for more information about the restrictions on the filter specifications refer to [4] ). The reconstruction phase accuracy for φ D (t n ) is given by πΔf/f s where Δf is the full bandwidth of the SUT [6] . To give an idea about this phase accuracy, for a SUT with Δf=1 THz and real-time digitizer sampling rate of 50 GHz, the reconstructed phase accuracy is ≈62.8 rad. which is clearly not enough to measure input SUTs with small phase variations. Since the phase accuracy is independent of the fiber length and fiber dispersion, for a given SUT, the reconstructed phase accuracy is strictly limited by the digitizer speed.
Here we introduce a dynamic time-stretch concept to overcome this critical issue to enhance the phase reconstruction accuracy and sensitivity. Let's assume the length S=L/M of the employed dispersive fiber (with corresponding dispersion coefficient β S and transfer function Ψ S (f)) is long enough so that the measured profile, D S (t n ), is the real-time Fourier transformation of the SUT (far field regime) [6] . In this case, the measured intensity profiles I D (t n ) and I F (t n ), are the M times stretched versions of the intensity profiles at the length S of the dispersive fiber, i.e. I D,S =|D S (t n )| 2 =I D (t n /M) and I F,S =|F S (t n )| 2 = I F (t n /M). The reconstruction phase accuracy by putting these virtual intensity profiles in φ D S (t n ) phase reconstruction equation is given by (πΔf/f s )/M which shows that M times higher phase accuracy can be achieved using this dynamic time-stretch scheme. Finally, the SUT profile is recovered from the measured stretched pulse profile by numerically compensating for the phase profile introduced by the stretcher, E(t n )= -1 {{ D S (t n )}/ Ψ S (f)}, being the Fourier transform.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
The proposed method was applied for characterization of chirped ultrashort pulses by propagation through different dispersion compensating fiber (DCF) sections (dispersion factors ranging from -5 ps/nm to -4640 ps/nm). In these experiments the Raman distributed amplification was not used. The source of the seeding optical pulses was a passively modelocked fiber laser which generated transform-limited Gaussianlike optical pulses with 10 nm bandwidth. The seeding pulses propagated through the different DCF sections to generate the input SUT. The SUTs were lunched into a designed optical filter with 40 nm bandwidth around 1551 nm (central wavelength of the input SUT) implemented using a C-band waveshaper with amplitude and phase profiles showed in the inset of Fig. 2(a) . The output pulses were then temporally stretched using a well-characterized linear stretching device (-1312 ps/nm DCF section) and their intensity profiles were measured using a 16 GHz digitizer with 20 ps time resolution. The dynamic time-stretch magnification concept together with explained phase reconstruction algorithm were used to characterize the absolute phase of the SUTs. Notice that for SUTs with shorter time duration (i.e. pulses with smaller chirp/phase variations) which requires higher reconstruction phase accuracy, a higher stretch factor can be used (because real-time Fourier transformation can occur at shorter fiber lengths) giving a higher phase accuracy. The recovered spectral amplitude profile of the SUTs is plotted in the inset of Fig. 2(b) . The recovered group delay profiles (derivative of the reconstructed spectral phase profiles) of the SUTs are plotted in Fig. 2 compared to the corresponding simulated group delay profiles (dotted lines). There is an excellent agreement between the reconstructed group delay profiles and the simulated ideal group-delay profiles which proves the viability of our technique for optical phase profile reconstruction. In a second experiment, the input SUTs to be characterized were individual pulses with ~1 ps duration, passed through a MZ interferometer with different time delays. Real-time and single-shot complex-field characterization of the SUTs with randomly selected pulses for three different delays are plotted in Fig. 3 (0, 20 ps, 50 ps and 110 ps). This shows the strong capability of our technique to characterize single-shot ultrashort optical pulses with high phase accuracy.
IV. CONCLUSIONS
We introduced and experimentally proved a real-time optical vector spectrum analyzer (optical VSA) for single-shot selfreferenced phase reconstruction with time durations ranging from fs to ms regime. It is based on dispersive Fourier transform and a method for optical phase recovery from binocular (two point) intensity measurements. We have experimentally demonstrated the accurate characterization of low-power optical pulses ranging from sub-ps to ~35,000 ps. 
